Abstract-Brain injury in meningitis occurs in part as a consequence of leukocyte migration and activation. Leukocyte integrins are pivotal in the inflammatory response by mediating adhesion to vascular endothelium and extracellular matrix proteins. We have demonstrated that moderate hypothermia early in the course of meningitis decreases leukocyte sequestration within the brain parenchyma. This study examines whether hypothermia alters neutrophil integrin expression in a rabbit model of bacterial meningitis. Prior to the induction of meningitis, peripheral blood samples were obtained and the neutrophils isolated. Sixteen hours after inducing group B streptococcal meningitis, animals were treated with antibiotics, IV fluids, and mechanically ventilated. Animals were randomized to hypothermia (32-33 C) or normothermia conditions. After 10 hours of hypothermia or normothermia, neutrophils were isolated from the blood and cerebral spinal fluid (CSF), stained for b1 and b2 integrins, and analyzed using flow cytometry. Cerebral spinal fluid neutrophil b1 integrin expression was significantly decreased in hypothermic animals. Beta-1 integrins can assume a higher affinity or "activated" state following inflammatory stimulation. Expression of "activated" b1 integrins was also significantly decreased in hypothermic animals. Beta2 CSF neutrophil integrin expression was decreased in hypothermic animals, but failed to reach significance. These data suggest hypothermia may attenuate extravasated leukocyte expression of both total and "activated" b1 integrins.
INTRODUCTION
The process of inflammation is a complex interplay of agonists, cytokines, endothelial cells, and myeloid cells. Polymorphonuclear leukocytes (PMNs) are important in cellular defense of the host by releasing oxygen radicals and lysosomal enzymes necessary for the eradication of invading microorganisms. Although PMNs play a vital role in host defense, the accumulation of activated PMNs at sites of tissue injury coupled with the excess release of bio-active products may increase tissue injury (1) (2) (3) (4) (5) (6) (7) (8) . Recently, specific therapies designed to attenuate excessive leukocyte activation have been examined. In inflammatory brain injury, blockade of neutrophil sequestration and activation decreases PMN-mediated tissue destruction (9) (10) (11) .
Integrins are cell adhesion molecules that play a primary role in leukocyte sequestration. Integrins are heterodimeric glycoproteins consisting of two non-covalently linked chains, the a and b subunits. Integrins are commonly classified according to their b subunit. The major class of integrins present on PMNs are b2 integrins (aLb2 or LFA-1; aMb2 or Mac-1; and aXb2 or p150,95) (12) . Upon activation, b2 integrins mediate firm PMN adhesion to endothelium and subsequent transmigration of the leukocyte out of the vasculature. b1 integrins have also been described on PMNs. They are a minority of the integrin population and their role is poorly understood. Many researchers have speculated that the role of b1 integrins on human PMN is as receptors for extracellular matrix macromolecules. Polymorphonuclear leukocytes express b1 integrins that recognize a domain on the extracellular matrix proteins fibronectin (a5b1) and laminin (a6b1) (13) (14) . Recently, researchers have demonstrated that the b1 integrin plays a role in binding of PMNs to TNFstimulated endothelial cells (a4b1) (15) , or expressed following transmigration through endothelial cells or a fibroblast layer (a4, a5 and a6b1) (16) (17) (18) .
Integrins may also play a role in infectious or inflammatory disease processes. Certain bacterial and viral infections are known to alter expression of b1 and b2 integrin subpopulations on both circulating granulocytes and lymphocytes (19) (20) (21) . During inflammation, b1 integrins appear to play a critical role in directed lymphocyte migration. The a4b1 integrin on T cells assists in lymphocyte recruitment into the subarachnoid space during viral meningitis (22) . HIV infection causes increased expression of a5b1 integrins on both acutely and chronically infected CD4+ T cells, with resultant increased adherence to extracellular matrix glycoproteins (23) (24) .
Multiple investigators have shown that hypothermia decreases PMN accumulation in animal models of brain injury (25) (26) (27) (28) . We have recently shown that hypothermia may be of benefit in the treatment of meningitis. The application of moderate hypothermia decreases brain myeloperoxidase levels, CSF nitric oxide, and central nervous system (CNS) excitatory amino acid levels (29) (30) . We have previously demonstrated that extravasated CSF neutrophils in rabbits with group B streptococcal meningitis show a significant increase in expression of b1, activated b1, and b2 integrins (31) . The mechanism(s) whereby hypothermia diminishes CNS injury remains unknown. Since the brain injury in meningitis occurs in part as a consequence of leukocyte activation and subsequent release of bioactive products, we speculate that hypothermia affects neutrophil function during the acute inflammatory response. To our knowledge, the effects of hypothermia on neutrophil integrin expression during meningitis have not been explored. Thus, this article examines expression of b1 and b2 integrins on extravasated neutrophils in normothermic and hypothermic animals using bacterial meningitis as a model of CNS inflammation. The following reagents were purchased: Hank's buffered saline (HBSS) (Gibco BRL, Gaithersburg, Maryland), purified rat immunoglobulin G (Calbiochem-Novabiochem Corporation, La Jolla, California), phycoerythrin-conjugated F(ab′) 2 goat anti-mouse IgG and phycoerythrin-conjugated F(ab′) 2 goat anti-rat IgG (Immunotech, Miami, Florida).
MATERIALS AND METHODS

Materials
Animal Model. Male New Zealand rabbits (3-4 kg) were used. Standard animal husbandry and care practices were employed. A preliminary blood sample was obtained prior to induction of meningitis.
To induce meningitis, a 23-gauge needle was introduced in the cisterna magnae and 0.3 ml of cerebral spinal fluid was withdrawn. After removal of CSF, the animal's cisterna magnae was inoculated with 0.3 ml of a suspension containing 1 × 10 5 cfu / ml of Group B Streptococcus (GBS), serotype III, diluted in sterile normal saline. Sixteen hours post-inoculation the rabbits were treated with i.v. Ceftriaxone (50 mg / kg).
The rabbits were then anesthetized and a tracheostomy was performed for continuous mechanical ventilation. The animals then underwent tracheotomy and continuous mechanically ventilated. Animals were randomized to hypothermic (defined as 32-33C) vs. normothermic (defined as 37-39C) conditions. Animals in the hypothermia group were rapidly cooled by covering their torso with a plastic bag containing ice. Temperatures were maintained within set parameters with the use of warming / cooling blankets. Intravenous fluids were administered over the next 10 h. Blood pressure, heart rate, and temperature were continuously monitored. PaO2 and PaCO2 were monitored every 2 h.
A second cisternal tap was performed after 10 h of hypothermia / normothermia and 1 ml of CSF was withdrawn. A concurrent blood sample was obtained at the time of the second cisterna magnae puncture. Neutrophils were isolated as previously described (14) . CSF samples were centrifuged and the cell pellet was resuspended in buffered saline and evaluated for integrin expression. Flow Cytometry. Neutrophils from peripheral blood and CSF samples were isolated within 30 min of collection and viability confirmed with trypan blue exclusion. Neutrophils were harvested using dextran sedimentation and centrifugation through Ficoll Hypaque (14) . Peripheral and CSF PMN samples were washed, centrifuged, and re-suspended in buffered saline solution to a concentration of 1 × 10 6 cells / ml. Viability of all cells was confirmed by trypan blue exclusion and was consistently greater than 95%. Histologic evaluation using direct hemocytometric observation was performed on all samples to confirm cells were predominantly PMNs. Cells were incubated with saturating concentrations of monoclonal antibodies directed towards the CD 18 (b2) subunit, CD 29 (b1) subunit, or an activation-dependent epitope located on the ligand recognition domain of the b1 subunit. PMNs isolated from the CSF were also stained with isotype matched controls to detect nonspecific binding. Cells were then washed, counterstained with a phycoerythrin-conjugated IgG antibody and finally fixed with 1% paraformaldehyde in PBS, pH 7.4. Labeled cells were analyzed on a FACScaliber flow cytometer (Becton Dickinson Inc., San Jose, California). Neutrophil populations were identified and gated by forward vs. right angle light scatter characteristics. Cells, (10 4 ) per gated determination were measured and mean channel fluorescence was analyzed. Using available software, the mean fluorescence of the cell distribution was calculated (FACScan  , Becton Dickinson, Mountain View, California). Relative fluorescence intensity was defined as the ratio of mean fluorescence of labeled CSF PMNs (after correction for nonspecific binding) compared to the fluorescence of circulating PMNs.
Total neutrophil counts were performed on blood and CSF samples by FACScan  analysis. Neutrophils were identified by size characteristics and nucleus to cytoplasm ratios, and expressed as number of cells per deciliter.
Statistical Evaluation. All values are expressed as mean ± SEM of N observations, where N represents the number of animals. Significance is declared for P < 0.05. For comparison of two groups, Student's paired t-tests are used. When multiple variables were studied, all data was corrected for multiple comparisons. All statistics were performed using a commercially available statistical program (StatView 5.0; Abacus Concepts, Inc.) on a Power G 3 Macintosh.
RESULTS
The integrin family is strongly conserved across vertebrate species (33) (34) (35) . Multiple investigators have used anti-human integrin antibodies in rabbit models of various in vivo and in vitro experiments [36] [37] [38] [39] [40] . We have previously shown the antibodies used in this experiment recognize rabbit integrin structures (31, (41) (42) .
Data were collected from 16 animals with group B streptococcal meningitis (8 in hypothermia group, 8 in normothermia group). As part of our experiment, we initially evaluated whether hypothermia affects the amount of neutrophil extravasation into the subarachnoid space. Animals exposed to hypothermia for 10 h had a CSF WBC count of 1662 cell / dl while normothermic animals had a CSF WBC count of 897 cell / dl. The increase in CSF neutrophils did not reach significance between these two groups (P 0.1). Similarly, there was no difference in the absolute neutrophil count in the peripheral circulation between normothermic and hypothermic animals (hypothermia 11. Flow cytometry data is expressed as relative fluorescence intensity (RFI) and is defined as the ratio of mean channel fluorescence of antibody stained-cells compared to fluorescence at baseline. Baseline is defined as expression of the specific integrin on circulating neutrophils, prior to induction of meningitis. All samples were corrected for fluorescence secondary to nonspecific binding.
We examined whether hypothermia affects total expression of b1 integrins on CSF neutrophils. Expression of total cell surface b1 integrins in normothermic animals increased from a baseline measurement of 1.03 to 1.92 (P < 0.01). As is shown in Figure 1 , hypothermia significantly decreased total b1 integrin expression on neutrophils when compared to normothermic animals, with the relative fluorescence intensity decreasing to near baseline levels (RFI 1.18, P < 0.05).
In addition to total surface number, b1 integrins are able to change their quartinary structure and assume a higher affinity or activated state. This change in affinity modulation can be detected by antibody recognition of a neoepitope expressed on the b1 integrin ligand recognition domain. As shown in Figure 2 , hypothermia sig- nificantly decreased expression of the activation-dependent epitope located on the b1 integrin and recognized by MAb 15 / 7. Relative fluorescence intensity decreased from 1.65 to 1.06 (P 0.01). These data suggest that hypothermia decreases total cell surface expression, as well as affinity modulation of the b1 integrin receptor.
The largest percent of the neutrophil integrin population are the CD-18 (b2 integrin) receptors. Figure  3 compares expression of b2 integrins on extravasated CSF neutrophils. A 39% decrease in relative fluorescence intensity was noted in extravasated PMNs exposed to hypothermic conditions. However, this decrease failed to reach significance (P 0.11).
We also evaluated whether hypothermic treatment of meningitis changes integrin expression on circulating neutrophils. b1, activated b1, and b2 integrin expression prior to and following 10 hours of hypothermia did not significantly change on the circulating neutrophil population (Table 1) . Regression analysis was performed on all three integrin groups studied and showed no relationship between changes in integrin expression on peripheral neutrophils and concurrently obtained extravasated neutrophils. Integrin expression on circulating neutrophils did not significantly change as a consequence of hypothermia during meningitis. Integrin expression on peripheral neutrophils was evaluated by flow cytometric analysis. Numbers are expressed as relative fluorescence intensity (RFI) units. Relative fluorescence intensity is the ratio of mean channel fluorescence of circulating neutrophils after 10 h of hypothermia or normothermia during meningitis compared to baseline neutrophil fluorescence. Baseline expression is defined as integrin expression prior to the induction of meningitis. The data represent the means ±SD of 7 animals.
DISCUSSION
Hypothermia has been documented in numerous animal models to decrease PMN accumulation within injured or inflamed brain tissue (25) (26) (27) (28) . Hypothermia decreased intracranial swelling and improved morbidity in severe head trauma (43) (44) (45) . Hypothermia also decreased PMN accumulation following ischemia and reperfusion injury (46) . We have previously shown that hypothermia decreased PMN accumulation within the brain parenchyma during acute bacterial meningitis. In this rabbit model of bacterial meningitis, myeloperoxidase concentration within brain tissue decreased 35% in the hypothermic group (29) . The temperature-dependent cellular signal responsible for decreasing PMN accumulation has not been defined. Our data suggest that surface integrin expression may be one of the cellular pathways affected by hypothermia. Both total and activated b1 integrin expression on exravasated neutrophils decreased to near baseline levels following 10 hours of hypothermia during meningitis. Integrin b2 expression on extravasated PMNs also decreased, but failed to reach significance. In our model, hypothermia does not affect integrin expression on the circulating neutrophil population.
The physiologic mechanism(s) that are responsible for the neuro-protective effect of hypothermia are poorly understood. Originally, CNS hypothermia was believed to preserve the high energy phosphate stores and to decrease cerebral metabolism (47) . However, the beneficial effects from hypothermia appear to be secondary to suppression of the inflammatory cascade and not to a delay in the injury process (48) . In our model of group B streptococcal meningitis, hypothermia decreased the CSF concentrations of glutamate and aspartate by 40-50% and caused a significant decrease in the induction of 72-kDa heat shock protein (30) . In a traumatic brain injury model in rats. Whalen et al. demonstrates hypothermia decreased neutrophil accumulation within the injured brain tissue (25) . This effect was independent of endothelial E-selectin or ICAM-1 expression (26) . Our findings suggest one mechanism that may account for the decrease in neutrophil accumulation is the down-regulation of both total and activated b1 integrin expression on extravasated neutrophils.
The beneficial effects induced by hypothermia were not secondary to modification of the degree of infection or bacterial load. There was no difference in the number of positive CSF cultures between groups at the end of the observation period. One CSF sample from each group grew GBS.
The effects of hypothermia on circulating PMNs are well described. In a rabbit model of hypothermia, circulating neutrophil counts significantly increased, but did not exhibit increased oxygen burst or phagocytic activity (49) . In human studies, many of the studies evaluating the effects of hypothermia on granulocyte physiology and adhesion are reported in the cardiopulmonary bypass literature. Hypothermia during cardiopulmonary bypass is associated with an initial decrease in circulating PMNs, followed by a marked increase that persisted up to 24 hours into the postoperative period (50) . This effect appears to be independent of hypothermia-induced changes in endothelial-derived adhesion molecules (51) . Neutrophil activation, as measured by serum elastase release, decreases during hypothermic cardiopulmonary bypass (52) . There are few studies in the literature with regards to the effects of hypothermia on integrin expression. Finn et al. reported that in children undergoing cardiopulmonary bypass, a gradual rise in b2 expression on neutrophils was noted in a small segment of the granulocyte population (53) . Our studies showed no significant change in b2 integrin expression on circulating neutrophils as a consequence of hypothermia in meningitis. Paugam et al. reported that b2 expression on neutrophils increased within 20 min of cardiopulmonary bypass. However, this rapid increase in b2 expression was independent of both temperature and interleukin-8 production (54).
On neutrophils, b2 integrins facilitate firm binding to activated endothelium. While b1 integrins on neutrophils are known to function as an extracellular protein adhesion molecule, their role may be more complex. Several clinical and laboratory observations suggest b2 integrin-independent mechanisms may contribute to neutrophil recruitment and activation in infectious states. PMNs have been found post-mortem in the alveolar spaces of a patient with b2 integrin deficiency (leukocyte adhesion deficiency I) (55) . Hepatic sequestration of neutrophils in a rat model of endotoxemia has been shown to be b2 integrin-independent (56). Migration of PMN into the alveolar space in both pneumonia and chemical lung injury models is not inhibited by anti-b2 monoclonal antibody (57, 58) . Similarly, anti-b2 integrin monoclonal antibody did not effect mortality nor total CSF white blood cell count in a rat model of Haemophilus meningitis (59) . We have previously shown a marked increase in b1 (total and activated) and b2 integrin expression on extravasated neutrophils when compared to concurrent expression on circulating neutrophils in GBS meningitis. Additionally, b1 integrin expression on extravasated neutrophils demonstrated a significant correlation with CNS tissue PMN sequestration and blood brain barrier dysfunction (31) . These studies suggest b1 integrins play an important role in the pathophysiologic consequences of PMN-induced tissue injury.
This study was designed to evaluate the effect of short-term hypothermia on in vivo expression of b1 and b2 integrins on extravasated CSF neutrophils. We have previously shown that b1, activated b1 and b2 integrins on extravasated neutrophils significantly increase during group B streptococcal meningitis (31) . We now demonstrate that hypothermia significantly decreases b1 integrin expression and activation on extravasated neutrophils. This effect is independent of total CSF WBC count or alteration in integrin expression on the circulating neutrophil population. In our model of GBS meningitis, we note the absolute value of extravasated neutrophils in hypothermic animals was higher than in normothermic animals, but did not reach statistical significance. We speculate this finding may be secondary to the model design. Meningitis was induced 16 hours prior to condition randomization. Animals randomized to hypothemic conditions demonstrated down-regulation of b1 integrin number and function. Integrin b1 on neutrophils are known to bind to extracellular proteins, thereby allowing directed migration. Thus, extravasated neutrophils in these animals may have impaired chemotaxis and sequester within CSF.
Alteration in integrin expression on extravasted neutrophils during hypothermia is a descriptive finding. The exact cellular signaling mechanism(s) affected by hypothermia is uncertain. Multiple pro-inflammatory chemokines are produced during bacterial meningitis. CSF concentrations of TNFa, IL-8, GROa, MCP-1, MIP-1a and MIP-1b all increase early in the time course of meningitis (60) (61) . These cytokines activate leukocytes and cause an increase in adhesion molecule expression. Additional studies to examine whether hypothermia affects the levels of these cytokines and whether they correlate with changes in expression of b1 integrins are ongoing.
The relevance of integrin expression on neutrophils in specific infections is still under investigation. As PMNs perform the majority of their phagocytic functions outside the circulation, they must adhere to extracellular matrix (ECM) macromolecules in a regulated, reversible fashion in order to crawl through the tissue to the site of inflammation or infection. Better understanding the function of neutrophil integrin expression at sites of acute inflammation and the effects of hypothermia may suggest novel approaches to control the cascade of PMN-mediated pathophysiologic consequences associated with such processes as septic shock, ARDS, or the poor sequelae from meningitis.
